been tried in the treatment of CNV, including laser photocoagulation, transpupillary thermotherapy (TTT), radiation therapy, surgical removal, interferon, retinal pigment epithelial (RPE) cell or photoreceptor transplantation, and photodynamic therapy (PDT).
Introduction
Age-related macular degeneration (AMD) is one of the primary causes of adult visual impairment and blindness in developed countries. Most visual loss occurs in exudative AMD. Vision loss in patients with the exudative form of AMD (wet AMD) is caused by the formation of choroidal neovascularization during the late stage of the disease. Various modalities of treatment have growth. [3] [4] [5] Treatments for CNV due to AMD can be directed at either the vascular component of CNV (the new vessels that proliferate and leak blood and fluid) or the angiogenic component that leads to the development of the condition. [6] [7] [8] [9] [10] [11] Verteporfin targets the vascular component, whereas antiangiogenic agents (such as pegaptanib and ranibizumab) target key mediators of the angiogenic cascade. The different mechanisms of action of these approaches offer the potential for additive or synergistic effects with combination therapy.
Visudyne is claimed to accumulate in neovascular tissue and thus be more selective in terms of "bystander damage on RPE and photoreceptors". However, we saw severe RPE damage after uneventful PDT in some cases. Occlusion of normal choriocapillaries after PDT treatment, potential for cumulative damage to retinal structures, and severe pigment epithelial alteration in the treatment area following PDT have been reported. 12, 13 Reduced frequency has been tried. The 2-year results in minimally classic CNV demonstrated no inferior, or even better, effect compared to standard dose PDT treatment. 14 Histologic study in animal model also supports the use of reduced light application. Framme et al's report showed more selective vessel occlusion without RPE and photoreceptor damage for 100 mW/cm 2 rather than 600 mW/cm 2 intensity at threshold irradiation on healthy choroids and experimental induced corneal neovascularization. 15 In this study, we tried to compare the effect of reduced-dose and standard light application PDT in an animal model of CNV.
Methods

Animals
Brown Norway pigmented rats (weighing 200-250 g; National Animal Center, Taipei, Taiwan) were used. The animals were handled in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Rats were anesthetized with intramuscular injection of 0.15 mL/kg of an equal-volume mixture of 2% lidocaine (Xylocaine; Astra, Astra Södertälje, Sweden) and 50 mg/mL ketamine (Ketalar; Parke-Davis, Morris Plains, NJ, USA).
Laser-induced CNV
Rats were anesthetized and pupils dilated with 1% tropicamide (1% Mydriacyl; Alcon Laboratories, Fort Worth, TX, USA). A piece of cover glass was used as a contact lens. Argon laser (Novus Omni; Coherent Medical Laser, Palo Alto, CA, USA) irradiation was delivered through a slit lamp (Carl Zeiss, Oberkochen, Germany). The laser parameters used were as follows: spot size of 50 µm, power of 400 mW, and exposure duration of 0.05 seconds. An attempt was made to break Bruch's membrane, as clinically evidenced by central bubble formation, with or without intraretinal or choroidal hemorrhage. Three lesions were created between the major retinal vessels in each fundus.
Fundus fluorescein angiography
At different time intervals after laser photocoagulation, the CNV lesions were studied by fundus fluorescein angiography (FAG) using digital fundus camera Visupac 450, Zeiss FF450 (Carl Zeiss). Fluorescein sodium, 10%, 0.1 mL/kg (Fluorescite; Alcon Laboratories), was injected intravenously into the anesthetized rats. Latephase angiograms were obtained 8 minutes after injection, and digital fundus pictures of bilateral eyes were taken within 1 minute. The mean CNV area was derived from measurement of all the CNV lesions by an ophthalmologist who was masked to the treatment of the eyes. In each eye, the areas of CNV on FAG were measured with image analysis software. The areas were outlined with the computer mouse, using the option provided by the software, and the results were expressed in millimeters squared. The software was developed for the estimation of lesion sizes in human eyes. Although the estimated lesion sizes in the rat eye were not the actual sizes, the estimated sizes were proportional to the actual sizes, and thus good for comparing the lesion size in different groups.
PDT
Three weeks after laser induction of choroidal neovascularization, PDT was performed on experimental CNV as follows: photosensitizer (verteporfin, Visudyne; Norvartis Pharma AG, Basel, Switzerland) doses were given via tail-vein injection at a dose of 12 mg/m 2 . Conversion to body surface area (in meters squared) from weight (in kilograms) was made using a nomogram developed by Gilpin. 16 Laser light of 689 nm was administered using a diode laser (Coherent Medical Laser) delivered via slit adapter (LaserLink; Coherent Medical Laser). Laser power at the focal plane was measured with a power meter (Coherent Fieldmaster, Coherent, Auburn, CA, USA). The laser spot size was set at 1,000 µm, and the irradiance used was 600 mW/cm 2 , which was delivered for 43, 53, 63, 73 or 83 (standard dose) seconds (n = 14 in each group).
Histopathologic study
The rats were sacrificed after the last FAG (42 days after laser treatment) and subjected to histologic examination. The eyes were enucleated, and immediately placed in 2.5% glutaraldehyde and 2% formaldehyde in 0.1 M phosphate-buffered saline, pH 7.4, for 15 minutes. Each specimen was embedded in paraffin. Sections of 2-3 µm were made and stained with hematoxylin and eosin (H&E) for light microscopy.
Statistical analysis
All data are mean ± SEM from at least 3 experiments with 3-6 determinations. Statistical analysis was performed with SPSS version 12.0 (SPSS Inc., Chicago, IL, USA). For multiple comparisons, 1-way analysis of variance was used, with subsequent post hoc analysis by Duncan test.
Results
Attenuation of CNV lesion by PDT of different durations
The therapeutic potential of verteporfin PDT for CNV was investigated with laser photocoagulation-induced CNV model in Brown Norway rats, as shown in the experimental scheme ( Figure 1 ). The 14 rats received 3 laser spots in each eye separately. All laser-induced breaks in Bruch's membrane resulted in CNV. Three weeks later, PDT was done in the 14 rats. To test the potential of verteporfin for CNV attenuation, we performed PDT for different durations in each laserinduced CNV: 83 seconds, 73 seconds, 63 seconds in the right eye, and 53 seconds, 43 seconds, 0 seconds in the left eye. The CNV incidences and area were evaluated by FAG analysis at weeks 1, 2, 3 and 4 after PDT treatment ( Figure 2 ).
Rats receiving PDT exhibited significantly reduced CNV area compared to CNV without PDT at weeks 1, 2 and 3 after PDT treatment. At week 1 after PDT, FAG examination revealed that the CNV area was significantly lower in the eyes of PDT-treated lesions compared with control lesions (1.53 ± 0. Figure 1 . Treatment scheme of photodynamic therapy (PDT) for choroidal neovascularization (CNV) in rats. CNV was induced by laser photocoagulation on day 0. PDT was performed in week 3. Fundus fluorescein angiography (FAG) examinations were performed at weeks 4, 5, 6 and 7 after laser photocoagulation. After the last FAG, rats were sacrificed for histopathologic study.
PDT attenuated CNV lesions in histologic analysis
After the last FAG (7 weeks after laser photocoagulation), the rats were sacrificed and eyes were enucleated for H&E analysis. The eyes treated by PDT showed significantly less extent and vascularity of CNV lesions than control lesions. Figure 5 shows a light microscopic picture of CNV stained with H&E after PDT in different groups. There were no adverse ocular changes throughout the experiment. 
Discussion
Our results demonstrated that PDT could effectively attenuate CNV in an experimental animal model, and reduced doses, as low as 63 seconds, worked just as well as the standard dose. The standard radiant exposure for current PDT in AMD treatment is 50 J/cm 2 at an irradiance of 600 mW/cm 2 , using verteporfin 2 mg/kg. The parameter for standard PDT is 83-second treatment with an irradiance of 600 mW/cm 2 . The effect of PDT involves complex interactions among the photosensitizer, light, oxygen and various biological targets within the tissue, which might change during irradiation. [17] [18] [19] Cytotoxicity in PDT mainly results from the production of highly reactive singlet oxygen ( 1 O 2 ), which is generated through the reaction of the excited photosensitizer with endogenous groundstate tissue oxygen ( several reported cases of RPE damage after uneventful PDT, it became an important issue that PDT treatment for AMD would be more effective and selective in terms of sparing photoreceptors using lower laser intensity. Framme et al's study on healthy choroids and experimentally-induced corneal neovascularization showed more selective vessel occlusion without RPE and photoreceptor damage for 100 mW/cm 2 rather than 600 mW/cm 2 intensity at threshold irradiation.
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The 2-year results in minimally classic CNV also demonstrated no inferior, or even better, effect compared to standard dose PDT. 43 seconds. Our results showed that all doses initially attenuated the experimental CNV to some extent as compared with the standard dose. Although only those treated with 63, 73 or 83 seconds retained their significant attenuating effect on CNV up to 3 weeks after PDT, the CNV areas were smaller in all treated groups; there were no significant differences between the 63-, 73-or 83-second groups. Our results support the possible benefit of reduced-dose PDT in the treatment of CNV. The discrepancy from the previous report, which showed that half dose was as effective as standard dose, might be due to the difference in animal species or different model used. 15 Since PDT cannot induce permanent occlusion of CNV, PDT guidelines suggest repeated treatment every season. 21 Recent reports revealed that the effectiveness of PDT, however, seems to be jeopardized by a rebound effect initiated by an enhanced vascular endothelial growth factor (VEGF) and reduced pigment epithelium derived factor expression in CNV. 22, 23 The surge of VEGF was speculated to cause the recurrence or recanalization of CNV after PDT. Our results showed gradual increase in CNV size 2 weeks post PDT, which was compatible with clinical observation. Verteporfin targets the vascular component, whereas antiangiogenic agents (such as pegaptanib and ranibizumab) target key mediators of the angiogenic cascade. The different mechanisms of action of these approaches offer the potential for additive or synergistic effects with combination therapy. Our results offer the choice for optimal combined therapy with reduced PDT and antiangiogenic agents.
We tested the effect on an established CNV model that is closer to the real situation in our clinical practice. The results showed that reduced light, as low as 63 seconds, could be as effective as the standard regimen. Our results were compatible to the clinical reports of PDT on minimally classic subfoveal CNV. 13 Since our previous study of a CNV model had shown that the rat model of CNV could not last longer than 3 months, which is different from human AMD, 24 we could not test the effect of retreatment with low-dose PDT. Besides, standard PDT guidelines suggest the laser treatment parameter to be determined as greatest linear diameter plus 1,000 microns. This takes into account the hand tremor of the surgeon and the body tremor of patients. With the possible reduced light application, we could also decrease the treatment diameter of PDT, and further reduce treatment-related retina damage. In the era of combined treatment, reducedlight PDT will give us more benefit and less damage. Further preclinical and clinical studies will answer the question of selectivity in low-dose PDT and determine the most suitable treatment parameters.
